ABSTRACT: A series of novel polyimides based on N,N-di(4-aminophenyl)-1-aminopyrene and aromatic or alicyclic tetracarboxylic dianhydrides were synthesized. The polymers exhibited good solubility in many polar organic solvents and could afford robust films via solution casting. The polyimides derived from aromatic dianhydrides exhibited high thermal stability and high glass-transition temperatures (333-364 C). Cyclic voltammetry studies of the polymer films showed that these polyimides are both p and n dopable and have multicolored electrochromic states. For the polyimides derived from alicyclic dianhydrides, they revealed a strong blue-light emission with high fluorescence quantum yields (U PL > 45%) and a marked solvatochromic behavior.
INTRODUCTION Aromatic polyimides are characterized as highly thermally stable polymers with a favorable balance of physical and chemical properties. They are commercially important materials used extensively as dielectric films and coatings in a wide range of high technology applications. 1 However, rigidity of the backbone and strong interchain interactions result in high melting or glass-transition temperatures (T g ) and limited solubility in most organic solvents. Thus, polyimide processing is generally carried out via poly-(amic acid) precursor and then converted to polyimide by vigorous thermal or chemical cyclodehydration. This process has inherent problems such as emission of volatile by-products and storage instability of poly(amic acid) solution. To overcome these problems, many attempts have been made to the synthesis of soluble and processable polyimides in fully imidized form while maintaining their excellent properties. 2 The majority of methods used for improving the solubility while maintaining the high-temperature performance of polyimides have involved the structural modifications of dianhydride and diamine monomers. Typical approaches include the introduction of flexible linkages, kinked or unsymmetrical structures, bulky packing-disruptive units, and bulky lateral groups into the polymer backbone. 3 Pyrene is a flat aromatic molecule with four fused benzene rings. Among the attractive properties of pyrene is its ready functionalization, appearance of delayed fluorescence, distinct solvatochromic phenomena, and its high propensity for forming excimers. 4 Pyrene and its derivatives have been extensively studied for application as fluorescence probes in many applications. 5 In recent years, pyrene derivatives, 6 polymers, 7 starbursts, 8 and dendrimers 9 have been reported in the context of organic electronic applications such as organic light-emitting devices (OLEDs), due to their emissive properties combined with high charge carrier mobility. Although pyrene is a blue-emitting chromophore, the use of pyrene as emitting materials in OLED applications has been limited due to aggregation between planar pyrene molecules. The high tendency toward p-stacking of the pyrene moieties generally lends the pyrene-containing emitters strong intermolecular interactions in the solid state, which leads to a substantial red shift of their fluorescence emission and a decrease of the fluorescence quantum yields. Fortunately, through molecular structure design, the close packing/fluorescence quenching effect in pyrene-type materials can be reduced or controlled. For example, a successful effort in the prevention of p-stacking in small molecules was achieved with 1,3,6,8-tetrasubstituted highly sterically hindered pyrenes 10 that can emit blue light in solution as well as in the solid state with a high-efficient yield. Additionally, diarylamino-functionalized pyrene derivatives have been found to perform efficiently as emitters and charge transport materials in OLEDs.
can be building blocks for high-spin polyradicals that showed ferromagnetic coupling. 12 Perhaps most commonly, triarylamines have been used as the hole-transport layer in electroluminescent devices, 13, 14 because the two-layered organic electroluminescent device using a diamine as a hole-transfer layer was first reported by Tang and VanSlyke in 1987 . 15 Triarylamines can be easily oxidized to form stable radical cations, and the oxidation process is always associated with a noticeable change of coloration. In recent years, we have developed a number of polyimides 16 and polyamides 17 carrying the triarylamine unit as a redox-chromophore. The triarylamine-containing monomers such as diamines and dicarboxylic acids could be easily prepared using a wellestablished procedure, and they could react with the corresponding comonomers through conventional polycondensation techniques, producing the desired triarylamine-based polymers. The polymers have high glass-transition and decomposition temperature. Because of the incorporation of packing-disruptive, propeller-shaped triarylamine units along the polymer backbone, most of these polymers exhibited good solubility in polar organic solvents. They could afford tough and flexible films with good mechanical properties via simple solution processing methods. This is advantageous for their ready fabrication of large-area, thin-film devices. Thus, incorporation of three-dimensional, packing-disruptive triarylamine units into the polyimide backbone not only resulted in enhanced solubility but also led to new electronic functions of polyimides such as electrochromic characteristics.
In view of the attractive properties associated with the pyrene and triarylamine units, we have recently reported the synthesis and electrochemical and optical behaviors of diphenylpyrenylamine-containing polyamides. 18 It was found that the polyamides display reversible oxidation and reduction processes, indicating their high electrochemical stability for both p and n-doping of the diphenylpyrenylamine core. These polyamides also showed interesting fluorescent and electrochromic characteristics. Very recently, we have demonstrated that the incorporation of diphenylpyrenylamine units into the polyimide backbone leads to solubility-enhanced, high-T g , and ambipolar and multi-electrochromic polyimide electrochromics. 19 This encouraging result drove us to explore more about these materials. In this work, we report the synthesis and characterization of a series of novel polyimides based on N,N-di(4-aminophenyl)-1-aminopyrene and various aromatic or alicyclic tetracarboxylic dianhydrides. In addition to the basic and electrochromic characterization, photoluminescent properties of the resulted polyimides are also studied and compared with those of structurally related ones from 4,4 0 -diaminotriphenylamine.
EXPERIMENTAL

Materials
According to a literature procedure, 20 the pyrenylamine-containing diamine monomer N,N-di(4-aminophenyl)1-aminopyrene (1) was synthesized by the cesium fluoride-mediated CAN coupling reaction of 1-aminopyrene with p-fluoronitrobenzene, followed by hydrazine Pd/C-catalytic reduction. The synthetic details and the characterization data of this diamine monomer have been reported previously. 18 Synthesis and characterization data (Supporting Information Figs. S1-S5) of model compounds N,N-di(phthalimido)-1-aminopyrene (M1) and N,N-di(1,2-cyclohexanedicarboximido)-1-aminopyrene (M2) are included in the Supporting Information. N,NDimethylacetamide (DMAc) (Tedia), N,N-dimethylformamide (DMF) (Tedia), pyridine (Py) (Wako), and N-methyl-2-pyrrolidone (NMP) (Tedia) were dried over calcium hydride for 24 h, distilled under reduced pressure, and stored over 4 Å molecular sieves in a sealed bottle. 
Synthesis of Polyimides
A typical procedure is as follows. The diamine monomer 1 (0.473 g, 1.18 mmol) was dissolved in 9.5 mL of anhydrous DMAc in a 50-mL round-bottom flask. Then dianhydride 2f, 6FDA (0.527 g, 1.18 mmol) was added to the diamine solution in one portion. Thus, the solid content of the solution is approximately 10 wt %. The mixture was stirred at room temperature for about 12 h to yield a viscous poly(amic acid) solution. The inherent viscosity of the resulting poly(amic acid) was 1.49 dL g À1 , measured in DMAc at a concentration of 0.5 g dL À1 at 30 C. The poly(amic acid) film was obtained by casting from the reaction polymer solution onto a glass Petri-dish and drying at 90 C overnight. The poly(amic acid) in the form of solid film was converted to polyimide 3f by successive heating under vacuum at 150 C for 30 min, 200 C for 30 min, and then 250 C for 1 h. The inherent viscosity of polyimide 3f was 0.52 dL g À1 , measured
at a concentration of 0.5 g dL À1 in DMAc at 30 C. The IR spectrum of 3f (Supporting Information Fig. S6 For the chemical imidization method, 4 mL of acetic anhydride and 2 mL of Py were added to the poly(amic acid) solution obtained by a similar process as above, and the mixture was heated at 100 C for 1 h to effect a complete imidization. The homogenous polymer solution was poured slowly into 200 mL of stirring methanol giving rise to yellow precipitate that was collected by filtration, washed thoroughly with hot water and methanol, and dried. A polymer solution was made by the dissolution of about 0.5 g of the polyimide sample in 10 mL of hot DMAc. The homogeneous solution was poured into a 9-cm glass Petri dish, which was placed in a 90 C oven overnight for the slow release of the solvent, and then the film was stripped off from the glass substrate and further dried in vacuum at 160 C for 6 h.
Measurements
Infrared spectra were recorded on a Horiba FT-720 FTIR spectrometer, and the 1 H and 13 C NMR spectra on a 500 MHz instrument (Bruker AVANCE-500 FT-NMR system) using DMSO-d 6 as the solvent and tetramethylsilane as the internal standard. Elemental analyses were run in a Heraeus VarioEL-III CHNS elemental analyzer. The inherent viscosities of the polymers were determined at 0.5 g dL À1 concentration using an Ubbelohde viscometer at 30 C. Weight-average molecular weights (M w ) and number-average molecular weights (M n ) were obtained via gel permeation chromatography (GPC) based on polystyrene calibration using Waters 2410 as an apparatus and THF as the eluent. Wide-angle X-ray diffraction (WAXD) measurements were performed at room temperature (ca. 25 C) on a Shimadzu XRD-6000 X-ray diffractometer (40 kV, 20 mA), using graphite-monochromatized Cu-Ka radiation. Thermogravimetric analyses (TGA) were conducted with a PerkinElmer Pyris 1 TGA, at a heating rate of 20 C min À1 in flowing nitrogen or air (flow rate ¼ 20
). DSC analyses were performed on a PerkinElmer Pyris 1 differential scanning calorimeter at a scan rate of 20 C min À1 under nitrogen. Ultraviolet-visible (UV-vis) spectra of the polymer films were recorded on an Agilent 8453 UVvisible spectrometer. Photoluminescence (PL) spectra were measured with a Varian Cary Eclipse fluorescence spectrophotometer. Solution fluorescence quantum yields (U PL ) of the samples in NMP were determined by using the method of Demas and Crosby 21 with 9,10-diphenylanthracene in cyclohexane (1 Â 10 À5 M) as a reference (U PL ¼ 90%).
Cyclic voltammetry (CV) measurements were carried out using a CH instruments model 600C potentiostat. Conventional three electrodes assembly was used under nitrogen to record cyclic voltammograms. The working electrode was an ITO-coated glass electrode. The counter-electrode was a platinum wire, and Ag/AgCl was used as the reference electrode. The scan rate was 100 mV s
À1
. The 0.1 M tetrabutylammonium perchlorate (Bu 4 NClO 4 ) in anhydrous acetonitrile (CH 3 CN) or DMF was used as a supporting electrolyte. Ferrocene was used as an external reference for calibration (þ0.48 V vs. Ag/AgCl). For the spectroelectrochemical experiments, the polymer film was cast on an ITO-coated glass slide (a piece that fit in the commercial UV-visible cuvette), and a homemade electrochemical cell was built from a commercial UV-visible cuvette. The cell was placed in the optical path of the sample light beam in an Agilent 8453 UV-visible diode array spectrophotometer. The electronic absorption spectra of the polymer film on the ITO-glass were recorded under potential control in a 0.1 M Bu 4 NClO 4 / CH 3 CN or DMF solution.
RESULTS AND DISCUSSION
Synthesis and Basic Characterization of Polyimides
A series of novel polyimides 3a-3h with main-chain diphenylpyrenylamine units were prepared in conventional twostep method by the reactions of equal molar amounts of diamine 1 with various aromatic or alicyclic dianhydrides (2a-2h) to form poly(amic acid)s, followed by the thermal or chemical cyclodehydration (Scheme 1). As shown in Supporting Information Table S1 , the inherent viscosities of the poly-(amic acid) precursors derived from aromatic dianhydrides 2a-2f were in the range 1.46-2.02 dL g À1 . The molecular weights of these poly(amic acid)s were sufficiently high to permit the casting of flexible and tough poly(amic acid) films, which were subsequently converted into tough polyimide films by stage-by-stage heating to elevated temperatures. The transformation from poly(amic acid) to a polyimide could also be carried out via chemical cyclodehydration by using acetic anhydride and Py. Polyimides 3d-3f were soluble in polar solvents such as NMP and DMAc. Therefore, the characterization of solution viscosity was carried out without any difficulty. The inherent viscosities of polyimides 3d-f were recorded in the range of 0.48-0.66 dL g À1 , as measured in DMAc at 30 C. The 6FDA-derived polyimide 3f was also soluble in less polar THF. The GPC measurement of this polyimide using THF as the eluent showed weight-average molecular weight (M w ) of 75,000 and polydispersity index (M w /M n ) of 1.53, relative to polystyrene standards. Less favorable results were obtained from the reactions of diamine 1 with alicyclic dianhydrides such as CPDA (2g) and BODA (2h). The poly(amic acid) precursors of polyimides 3g and 3h were produced with a relatively lower inherent viscosity of 0.19 and 0.21 dL g À1 , respectively, and they could not afford flexible films upon solution casting. However, adherent solid films could be cast on the glass substrate from the NMP or DMAc solutions of polyimides 3g and 3h. Structural features of these polyimides were characterized by IR and NMR analysis. A typical set of IR spectra for polyimide 3f and its poly(amic acid) precursor are presented in the Supporting Information Figure  S6 . All polyimides exhibited characteristic imide group absorptions around 1785 and 1720 cm À1 (typical of imide carbonyl asymmetrical and symmetrical stretch), 1380 cm À1 (CAN stretch), and 1100 and 720 cm À1 (imide ring deformation).
The disappearance of amide and carboxyl bands indicates a virtually complete conversion of the poly(amic acid) precursor into polyimide. Representative 1 H NMR and HAH COSY NMR spectra of polyimide 3f in DMSO-d 6 are illustrated in Supporting Information Figure S7 , and the resonance peaks are well assigned to the repeat structure of the polymer backbone. In addition, the elemental analysis values were in good agreement with the calculated ones of the proposed structures of these polyimides.
The solubility properties of polyimides 3a-3h in some selected organic solvents at 10% (w/v) are also displayed in Supporting Information Table S1 . As mentioned above, the polyimides (3d-f) derived from less stiff dianhydride components exhibited good solubility in dipolar solvents such as NMP, DMAc, DMF, and DMSO. Polyimide 3f also showed good solubility in less polar solvents like THF because of the additional contribution of the hexafluoroisopropylidene (AC(CF 3 ) 2 A) fragment in the polymer backbone. In general, these polymers revealed an enhanced solubility with respect to conventional aromatic polyimides and their triphenylamine-based analogs (the 3 0 series polymers as shown in the footnotes of Table S1 in Supporting Information). Therefore, the good solubility makes these polymers potential candidates for practical applications in spin-coating and inkjet-printing techniques to afford high performance thin films for optoelectronic devices. The WAXD patterns of the film samples indicated that all the 3 series polyimides were essentially amorphous (Supporting Information Fig. S8 ). Their good solubility and amorphous properties can be attributed in part to the incorporation of bulky, three-dimensional diphenylpyrenylamine moiety along the polymer backbone, which results in a high steric hindrance for close packing, and thus reduces their crystallization tendency and interchain interactions.
Thermal Properties
The thermal stability and phase-transition temperatures of these polyimides were recorded by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The thermal behavior data of are summarized in Table 1 . A typical set of TGA and DSC curves of polyimide 3b are illustrated in Figure 1 . Except for the aliphatic-aromatic polyimides 3g and 3h, these polyimides did not show significant weight loss before 500 C in air or nitrogen atmosphere. The SCHEME 1 Synthesis of pyrenylamine-based polyimides. a The polymer film sample were heated at 300 C for 1 h before all the thermal analyses. b The samples were heated from 50 to 400 C at a scan rate of 20 C min followed by rapid cooling to 50 C at À200 C min in nitrogen. The midpoint temperature of baseline shift on the subsequent DSC trace (from 50 to 400 C at heating rate 20 C min) was defined as T g . c Decomposition temperature at which a 10% weight loss was recorded by TGA at a heating rate of 20 C min. ARTICLE decomposition temperatures (T d ) at a 10% weight-loss of the aromatic polyimides (3a to 3f) in nitrogen and air were recorded in the range of 587-631 and 577-614 C, respectively. The amount of carbonized residue (char yield) of these polymers was more than 68% at 800 C in nitrogen. The high char yields of these polymers can be ascribed to their high aromatic content. The polyimides 3g and 3h in these series exhibited a lower T d value as compared with 3a-3f obtained from aromatic dianhydrides. This is reasonable when considering the less stable aliphatic segments and low molecular weights. Because of the incorporation of thermally stable pyrene unit, all the polymers exhibited higher T d values compared to their corresponding 3 0 series counterparts derived from 4,4 0 -diaminotriphenylamine. These polyimides not only showed good thermal stability but also possessed remarkably high glass-transition temperatures (T g ) of 281-364 C. The lowest T g value of 3g is expected and can be explained in terms of the less stiff cyclopentane segments in its backbone. As compared to the 3 0 series analogs, the present series polyimides exhibit a remarkably increased T g as a result of the presence of rigid pyrene units. Thus, the thermal analysis results revealed that these polyimides, especially for the aromatic ones, exhibited excellent thermal stability, which in turn is beneficial to increase the service time in device application and enhance the morphological stability to the spin-coated film.
Absorption and Fluorescence
All the polyimides were examined by UV-vis absorption and PL spectroscopy in both solution and the solid state. The relevant absorption and PL data are collected in Table 2 . The absorption and PL profiles of some representative polyimides 3d, 3f, 3g, and 3h in dilute NMP solution are shown in Figure 2 . In the absorption spectra, all the polyimides display two prominent bands with unsymmetrical shape and adjoining shoulders. The most bathochromically shifted transitions at about 380 nm may be ascribed to that originating from the amine to pyrene and amine to imide intramolecular charge-transfer (CT) states. The strong high-energy absorption bands at about 325 nm are mainly assigned to that arising from pyrene-based p-p* transitions. Solid state absorption spectra of these polyimides were very similar to those observed in the solution state (Fig. 3) , suggesting that the aryl rings do not undergo close p-stacking. These polyimides in dilute NMP solution emitted deep blue to cyan fluorescence; their emission maxima lie in the region between 419 and 479 nm. The PL quantum yields (U PL ) of these polyimides in NMP solution were found to vary from 0.20 to 54.3%. The low U PL of the aromatic polyimides 3a-3f may be attributed to the quenching effect arising from intra-and inter-chain CT complexing between the diphenylpyrenylamine donor and the phthalimide acceptor. It is worth noting that CT-inhibited polyimide 3g and 3h derived from alicyclic dianhydrides CPDA (2g) and BODA (2h) had a much higher PL quantum yield of 45.1 and 54.3%. A relatively higher quantum yield of polyimide 3h (U PL ¼ 54.3%) in comparison to structurally similar 3g (U PL ¼ 45.1%) can be rationalized by the fact that the rigid and bulky bicylo [2, 2, 2] octene group decreased the rotational freedom of the imide linkage and its presence might effectively reduce charge transfer formation within or between polymer chains through steric hindrance and inductive effect (by decreasing the electron-accepting character of dianhydride moieties). Although the quantum yields of polyimides 3g and 3h are much higher than those of 3a-3f because of the low CT effect, these numbers are still lower than the small fluorescent pyrene-based molecule. For example, the quantum yield of model compound M2 measured in NMP is 73.6%. This may be explained by the self-quenching effect due to a little too high density of pyrene functionalities in the polyimide backbone. It is possible to enhance the quantum yield by reducing the molar incorporation ratio of pyrene groups. As shown in Supporting Information Figure S9 and Table S2 , a copolyimide (3h-co) prepared from BODA and an equimolar mixture of pyrene-diamine 1 and 4,4 0 -oxydianline revealed an enhanced quantum yield (68.5%) as compared to the homopolyimide 3h (45.3%). The diminished CT interaction of semiaromatic polyimides 3g and 3h also reflected in a lighter color of their cast films as compared with the wholly aromatic ones. As shown in Table 2 , the thin films of 3g and 3h had a lower absorption onset wavelength than the other polyimides. When compared with the 3 0 series counterparts, the higher quantum efficiency in the 3 series polyimides could be attributable to the presence of rigid, highly fluorescent pyrene chromophore.
Fluorescence Solvatochromism
It is known that pyrene derivatives exhibited environment sensitive solvatochromic behavior in which the relative intensity of emission bands is dependent on the solvent polarity. 22 To investigate the solvatochromic properties, we studied the absorption and fluorescence of polyimide 3h and model compound M2 in solvents with different polarity. Figure 4 shows the normalized PL spectra of 3h in dilute solution in various solvents, together with fluorescence images of its solutions. The absorption and PL emission data of 3h and M2 are summarized in Table 3 . The solution absorption spectra of 3h are similar, with little shift in the peak maximum (absorption k max $ 320 and 380 nm). This clearly indicates that the solvent polarity exerts little effect on its ground-state electronic transition. In contrast, the PL ARTICLE emission spectra of 3h show strong solvent-polarity dependence, revealing a dominant broad emission band that undergoes remarkable bathochromic shifts with an increase of the solvent polarity. The emission color changes from deep blue in toluene (k max ¼ 455 nm) to cyan in DMSO (k max ¼ 478 nm). A decreased fluorescence quantum yield and an increased band width were also observed in the solvent of higher polarity. It is reasonable that the model compound M2 showed a higher PL quantum yield and larger bathochromic shift (442 to 482 nm) as compared with polyimide 3h (Table 3 ). The solvatochromism could be attributed to the fast intramolecular CT process resulting in a large change of dipole moment in the excited state. Such solvatochromic behavior is associated with the stabilization of the polar emissive excited states by the polar solvents.
Electrochemical Properties
The electrochemical behavior of each polyimide was investigated by CV using a conventional three-electrode cell assembly. The CV diagrams of the 3a-h series polyimides are depicted in Figure 5 , and quantitative details are summarized in Table 4 . Redox reactions for the pyrenylamine group and some selected diimide systems shown in Scheme 2 represent a possible distribution of electron density for the oxidized or reduced forms and describe by other resonance forms, which contribute to the charge delocalization. Reduction of the imide groups may induce increased quinoid character due to charge separation by the ring structure to minimize the electron-electron repulsion.
All the polyimides underwent a reversible one-electron oxidation and reduction originating from the ambipolar pyrenylamine segment (see Fig. 5 and Scheme 2). The oxidation and reduction peak potentials (E pa and E pc ) of the pyrenylamine units in these polyimides were observed in the range of 1.26 $ 1.38 V and À1.92 $ À2.16 V, respectively. As shown in Table 4, the oxidation onset potentials (E onset ox ) and half-wave potentials (E 1=2 ox ) were recorded in the range of 0.92-0.97 V and 1.09-1.13 V, which are slightly lower than those of the corresponding 3 0 counterparts. The decreased oxidation potentials of these polymers should be a result of the incorporation of the electron-rich pyrene moiety. The polyimides (3a-3f) based on aromatic dianhydrides exhibited additional one, two or three quasi-reversible one-electron reduction peaks due to different aryl imide structures. The CV curve of PMDA polyimide 3a [ Fig. 5(a) ] shows that the pyromellitimide groups undergo two quasi-reversible one-electron reductions, which occurred at E pc ¼ À1.00 and À1.48 V. The first reduction corresponds to formation of radical anions, and the second reduction relates to formation of dianions (see Scheme 2) . 23 Similar result was observed with the BPDA polyimide 3b [ Fig. 5(b) ]; however, the first reduction process (E pc ¼ À1.23 V) occurred at a more negative potential than observed for the PMDA polyimide 3a. Two separated reduction peaks peculiar to the BPDA diimide segment indicate a facile electronic communication between the two phthalimide groups. It is worth to note that the benzophenone diimide group of the BTDA polyimide 3c revealed three reversible redox couples [ Fig. 5(c) ], similar to those obtained for the conventional BTDA polyimide and diimide model compound. 24 It was proposed that the first two electroreduction processes occur for the BTDA diimide units, leading to the radical-anion (E pc ¼ À1.10 V) and diradical-dianion form (E pc ¼ À1.34 V), respectively. The benzophenone moiety allows a third electroreduction to the proposed radical-trianion form (E pc ¼ À1.86 V; E 1/2 ¼ À1.75 V) as depicted in Scheme 2. Only one pair of redox waves was observed for the imide reduction of ODPA polyimide 3d [ Fig. 5(d) ] and 6FDA polyimide 3f [ Fig. 5(f) ] during the negative CV scanning, indicating that the conjugation across the imide is interrupted by the ether and hexafluoroisopropylidene bridges. If two phthalimide groups were connected by a nonconjugated bridge, the generated radicals in each part could not be coupled to form a more stable quinoid dianion. With ether or hexafluoroisopropylidene as the connector, reduction of each phthalimide group occurred at nearly the same position. However, the DSDA polyimide 3e revealed two imide reduction peaks [Fig. 5(e) ], even though the conjugation across the imide group is disrupted by the sulfonyl linker. The reason is unkown at this stage and further study is needed. For the polyimides 3g and 3h derived from alicyclic dianhydrides, only the reduction process of pyrene unit (E pc ¼ À1.96 andÀ1.92 V, respectively) was observed [Figs. 5(g, h) ]. The lack of imide reduction in these two polyimides should be a result of the reduced electron affinity due to the alicyclic structure. This result is similar to that observed for the model compound M2 as shown in Supporting Information Figure S5 .
The energy levels of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the corresponding polymers were estimated from the E 
Spectroelectrochemical and Electrochromic Properties
The electro-optical properties of the polymer films were investigated using the changes in electronic absorption spectra at various applied voltages. The result of the 3b film upon electro-oxidation (p-doping) is presented in Figure 6 as a series of UV-vis-NIR absorption curves correlated to electrode potentials. In the neutral form, the film exhibits a strong band at 328 nm with a shoulder at 382 nm, but it is almost transparent at longer than 450 nm. Upon oxidation of the 3b film (increasing electrode potential from 0 to 1.30 V), the intensity of the absorption band at 328 nm gradually decreased, whereas new peaks at 549 and 594 nm in the visible region together with a broad band from 650 nm extending out into the NIR region beyond 1100 nm gradually increased in intensity. Meanwhile, the color of the film changed from pale yellow (near colorless) to purplish blue. We attribute these spectral changes to the formation of a stable radical cation of the diphenylpyrenylamine moiety. Figure 7 shows the spectral changes of the 3b film upon electro-reduction (n-doping). The radical anion of polyimide 3b, which appears at potentials between À1.00 and À1.25 V, exhibits a strong band at 328 nm and an increased absorption between 400 and 550 nm. As shown in the inset of Figure 7 , the radical anion form of polyimide 3b is yellow in color. Further reduction at potentials negative to À1.40 V results in the two-electron reduced (dianion) state with absorption maxima at 641 and 865 nm, and the film turns to a green color during the second reduction. The spectrum by applying a potential step between À0.5 and 1.3 V (versus Ag/AgCl). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] ARTICLE at À2.05 V has a new peak appearing at 506 nm, together with further intensified absorptions around 641 and 865 nm. As the potential examined is similar to the third cathodic process, the spectral change is assigned to the radical anion formation arising from the reduction of the pyrene unit. At this stage, the polymer film appears as a cyan color.
Electrochromic switching studies for the polyimides were performed to monitor the percent transmittance changes (D%T) as a function of time at their absorption maximum (k max ) and to determine the response time by stepping potential repeatedly between the neutral and oxidized states. The active area of the polymer film on ITO glass is about 1 cm 2 . Figure 8 depicts the optical transmittance as a function of time at 549 and 594 nm by applying squarewave potential steps of 4 s between À0.5 and þ1.30 V. The response time was calculated at 90% of the full-transmittance change, because it is difficult to perceive any further color change with naked eye beyond this point. Polyimide 3b attained 90% of a complete coloring and bleaching in less than 4 and 1 s, respectively. The optical contrast measured as D%T of polyimide 3b between neutral pale yellow and oxidized purplish blue states was found to be 42.5% at 549 nm and 51.3% at 594 nm. Coloration efficiency (CE; g) is a useful term for measuring the power efficiency of the electrochromic devices and can be calculated via optical density using the following equation: 25, 26 g ¼ DODðk max Þ=Q;
where Q is the injected/extracted charge per unit electrode area (mC cm À2 ), and DOD is the change in absorbance at specific wavelength maximum during a redox step. The coloration efficiency of 3b film at 549 and 594 nm was calculated to be 121 and 154 cm 2 C
À1
, respectively, comparable to the reported data for some electrochromic p-conjugated polymers. 27 The long-term stability of polyimide 3b was investigated by monitoring the electrochromic contrast (D%T) of the thin film upon repeated squarewave potential steps of 4 s in a 0.1 M Bu 4 NClO 4 /CH 3 CN electrolyte solution between À0.5 and þ1.30 V. In over 100 cycles under ambient conditions, polyimide 3b showed larger loss of electrochromic contrast (near 50%) as compared to the polyamides (less than 5%) derived from the same pyrenylamine-based diamine. 18 These less stability might be attributable to the strong electron-withdrawing effect of the imide group. Even though the slightly lower long-term stability of polyimide 3b, it still exhibited interesting ambipolar electrochromic behaviors upon oxidation or reduction.
CONCLUSIONS
A new series of electroactive polyimides incorporated with diphenylpyrenylamine group as a fluorophore and redoxchromophore have been synthesized. All the polymers could form morphologically stable and uniform amorphous films using solution-casting techniques. In addition to high T g , high thermal stability and strong fluorescence (for the semiaromatic polyimides), the polymers also revealed ambipolar multielectrochromic characteristics. Thus, these polyimides may find optoelectronic applications as new hole-transporting, light-emitting, and electrochromic materials.
